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A compuusie vuaicX amplifier has been developed in the field of
hydraulic devices at the 700 to 2000 .‘-‘,’cnz (1080 to 3000 psi) pressure
level. Unlike present vortex control valves where the control pressure
must exceed the supply pressure throughout the flow turndown range,
the new amplifier demands _1 input from ¢ to 100 M/c-2 to yield a pro-
portional output fros 0 to 620 N/cnz at blockefi load, with a supply
pressure of 965 N/az.

The compound amplifier compr ses a pilot stage based on vortex-
shear jet modulation, suitsbly matched to a conventional vortex comtrol
valve as the power stige. Complete steady-state test data are presented

for the new configurstion. Dynamic response wili be presented in 2

future peper.
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INTRODUCT 10N

Much interest has been shosn in hydraulic avplications of fluidic
ampiifiers, both for the controi of large flows as reported by .\nlt:zicl
(1964) with planar amplifiers, by Goldschmied and XAngez (1966) and
by Goldsdnieds (1968) with axisymmetric focussed-jet diverters, and
for the control of high pressures as reported by Rivard and Walberer®
(196S), by Taplin and Datwyler> (1965), by Blatter’ (i966) and others,
all with vortex throttiing devices.

There is a belief among some workers that fluidic technology will
find its most important growth in the hydrsulic field where large equip-
sent is to be controllud and where the asbsence of upstream waterhammer
(ss achieved by Goldschmied) is absolutely required.

Pmeumatic fluidics wi!l largely replace electro-sechanical and
pueumo-aechanical comtrol components but it cannot De reasonsbiy expected
that it will compete with present solid-state control circuitry over a
broad area.

The present paper is comcerned with the luidic control of high
hydrsulic pressures at the 700 to 2000 N!cnz (1000 to 3000 psi) level
by msams of the hydrodynamic vortex phenomenon.

Vortex devices asy be classified as -:ontrol valves if they offer a
vesrisble flow resistance in a pipeline, rejardless of the control input
requirements, or they may be classified as aq:'lifiers if the control
input is much smailer than the net cutput in ‘eras of pressure and flow.
Hydreilic vortex devices are described in refurences 4, S ard 6 for high-
pressure hydrsulic spplication; ir all < .ses the control pressure is
higher than the suppiy pressure throagicut the flow turndown range.

This fact has been found also in numrouy low-pressure model investiga-
. tions by academic researchers such s Kia rpcr7 (196S), Lee and Richard-
m"’ (196S) etc.

Maving thus established that th# present vortex devices are to bhe
claasified as control valves (rather than amplifiers) it will be useful
t&-'o cite modern sources of information on .onventionsl control valve

technology. The Aerouspace Fluid Componencs Designer's Hmdbookm (1967)
presents an up-to-date compendius on s uteff and control vailves from

p. S.2.3 to p. 5.3.7. NASA's comtributiing to advanced valve techmology
ave summerized in reference 11 (1967).



In general, the controi performance of conventional valves is given
in terms cof a2 mechanical displacement of the vilving element cor of a
"'stroke.’” For an analogous vortex control valve. the “stircke' is to be
iaterpreted in terms of an i1aput control pressure. Also the tera
"pressure-drop across the valve" is generally empioyed; while this is
completely defined for the usual inline component, it .aust be carefully
interpreted for the case of the “vented" vortex valve with a supply,

8 control irput, an ouilet and 2 vent or duwp.

HYDRAULIC VORTEX CONTROL VALVE

The first phase of the present investigation comprised a -teady-
state experimental investigation of one of the best vortex throttling
devices preseanted by Blatter6 (1966) (see Fig. 1} for high-prnessure
hydraulic application. The vortex device can be made to operate in a
vented version (capable of full shutoff of Qq and Q) and alsec in a
closed intine versior (capable of 80% turndown of Q, with full upstreaa
shutoff of Qs)' In both cases the vortex device can be clas-ified as a
flow contro! valve and subjected .o the standard criteria of flow caps-
city, linearity, hysteresis, deadband, valve gain, rangeability and unit
sensitivity. The schemstic for the vented vortex valve is as follows:
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The Load 1s denored by a resistance cocfficient CL .o
~ Q2
where APl 1s the pressure drop across the ioad resistance QR

and D s a characteristic valve diamecer.

The schematic tor the closed inline vortex vilve is as follows:
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WOTE: Qy=Qq+ Q.. AT FULL TURNDOWN, Qg=0 AND
Q9=9¢ -

The Load is denoted by 3 resistance coefficient CL as above.

The installation of the vortex valve can be such that only the
ocutput (pR’QR) is of interest and full shutoff is desired; here the .
vented version of the vortex valve will be prcferred.

In another installation, the vdrtex valve may be used ss a down-
stresm resistance sodulator; here only the supply flow Q‘ is of iaterest
since it is desirad to control and block Qs for a given Ps' The output
(Q‘«Qc) is dumped and is of no consequence. In this case a modified
vented version will be used, with the output receiver eliminated.

Finally the vortex valve can be used as an inline control valve
or inline variable throttle, dropping the pressure from Ps to P and
handling a flow output Q, to 80% wurndown. In a great many applications,
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this turndown is quite adequatc. In .all cases, it must be remembered
that a control pressure P sust ve supplied above the level of P by
some 15% to Z5%.

The !layout of the vortex valve tested is shown in Figure !; 1t
is a double-outlet test fixture with the right-side end blanked off by
a dusmy and thus functioning as a single-outlet vented voriex valve
with "probe’ outlet receiver. The ceceiver is called thusly because
it resembles a total-pressure flow probe with its sharp esntrance lip.
To expedite the program the vortex fixture was obtained on loan by
NASA Marshall Space Flight Center (Bend(x Part # B2155533) for the
proposed tests.

The components of the test fixture (as shown in Figure 1) are
as follows:

1. Test Block

2. Cylindrica! Mounting Plug
3. Probe Outlet keceiver

4. Annular Chasber Insert

S. Control Menifold

6. Tangential Control Ports

7. Dummy Plug )

For the present series of testis, the vo:-t-ex valve test fixture
was set up with the followisig geometric proportions, as illustrated in
the sketch of Figure 2:

1. Outlet Hole Diameter, Do = 0.317 cm (0.125%")
Probe Diameter, D, « 0.475 cm {0.187")
Probe Spacing, LP = 0.635 cm (0.250")
Control Port Dismeter, D_ = 0.114 ca (0.045")
Number of Control Holes = 4
Vortex Chamber Diameter, Dch = 1.27 -m (0.500")
Button Diameter, D' + 1.055 c» (0.415")
Vortex Chamber Spaciag, Lv = 0.175 ca (0.069")

-
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Blatter6 presents (Fig. B-3 of ref. 6) the blocked loac output

pressurc P, the wide-open-load output fiow QR and the supply flow

Qs plottedRagainst the control pressurc Pc but omits any information

on the output performancs (PR Vs QR) in the operating range between
blocked and wide-cpen loads. Presumably there is the implication

that the output curves are all! linear. Thesc data, taken ot .3%0 N/cn2
(2300 psi’ hydraulic supply pressure, are shown in Figure 3. It is
seen that the chosen vortex valve design has a control overpressurs
[(PC-P,)/PS} of 208 for full “lockage of the supply flow Qs and an
overpressure of 15% for full turndown of ‘he output flowm § The
control pressure range is 25% and 20% spectively.

when the supply flow Qs is fully blocked, the downstream flow
will be only the control flow Qc which is 20% of the maxisum supply
flow, for the closed version of the valve; for the verted version,
the output flow QR will be zero.

The valve wes retested at 690 N/cn2 hydraulic supply pressure to
obtain complete and detailed steady-state measurements over the entire
operational range at the pres_ure level specified for the present
progras.

Figure 4 presents the blocked-load output pressure PR as a function
of thc contrcl pressure P_. An output from 0 to 628 N/cm? (9-910 psi)
is controlled by sn input from 815 to 663 N/cm® (1180-960 psi); the gain
factor is 6.35 N!c-Z/N/cuz over the linear portion of the curve which
extends only from 150 to 550 N/cnz for Pas OF 63% of the total output.
The maximum ratio of output pressure Pa over supply pressure Ps is 91%,
whici is an excellent pressure recovery, making the valve applicable to
the aperation of piston actuators, torque motors, etc. The deadband of

45 N/cn2 is also indicated iu Figure 4.
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Figure * presents the wide-open lcad performance against control

pressurc Pc; for the output flow QR' 2 range from 0 to !04C cmsfs

{0 to 16.5 GPM) i1s controiied by a pressure Pc ‘rom 815 to 6653 X/cnz
(1180 o 960 psi). The ¢ put flow QR 1s ccmnletely linear from 0 to
Ql’qs or 880 (m”/s; this rspresents 85% of tnhe total range, and the
gain factor i< 14.1 cnsls/xlc-z. The supply flow Qs is aiso shown
ir Figure 5; it 1s seen that a higher control pressure PC = 326 N/cnz
(.200 psi) 1s needed to bleck Qs fully. The curve for Qs is n?niincar
and shows practically aa infirite gain factor from 0 to 300 cm>/s at a
constant coatrol pressure, Pc = 826 N/cnz.

The concrol fiow Qc was found to be independent of the output ioad
to a large extent. Figure § displays the control flow Qc as a2 function
of thc control pressure Pc and shows the widest spread of test point
obtained over the range of outpat loads. This Qc v3 Pc curve, which
represents the input tc the vortex valve, gives or the other hanc the
outpu* Jloading of the pilot stage of a compound amplifier; it is there-
fore most important for the present development because this paper is
concerned with the possitie aatching of a pilot stage to the vortex
valve 30 as to achieve overall input/output amplification.

The characteristics of the Qc vs Pc cur;c are cuite unusual: QC
remains at a ver{ low level, less than 20 o™ /s untal Pc rea;hes 2pprox-
imately 550 N/cm® and then it increases rapidly up to 190 ca™ /s when
Pc resches 300 N/cnz, leveling off therearter. The curve can be approx-
imated by a parabolic equation as follows:

Q. - 25) = K(P_ - 560)?

as shown in Figure 6, where K = 0.30 x 1072,

WMile Fig. 3 (as given in ref. 6) presents only the output at
blocked-i>ad and at wide-open-load (wtth the implicit assumption of
linearity in the intermediatc operaticnal area), Figure 7 presents a
complete output map PR vs Q‘ of the vortex valve at vario;s constant
values of P_ such as 620, 663, 690, 725, 730 and 795 R/ca” while the
supply pressure was zaintained at 690 N/co” (1000 psi). This map shows

that straight lines cannot be drawn be*wcen corresponding points on the

-10-
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hlaocked- load (Qn-O) line and the widec-open load tine, such as A-A\°

and B-3' and stiil acki“ve a reasonable represcentation of reality.

To the contrary therc is a very strong norlinear behavior; this requires
that the downstream load liac be sunerposced on the operating map of
Figure 7 and the intersection point determined graphicaily. For
instance, if the downstream load line should b* a typical parabolic

one as indicated dashed in Figure 7, at the intersection point C there
will be no change in PR and Q% for control pressure changes from Pc = 620
to Pc = 725, the velve will b2 completely inceasitive in that control
interval! The ;- “tex control valve, as given by Blattcr? is thus fully
described both gecmetrically ind experimentally in regard to steady-state
performance at 590 ﬁ/c.z (1000 psi) hydraulic supply pressure. It only
remain. to obs~rve that the output was subject to periodic pressure
fluctuations of some *t SO Slcnz in the interme<iata control range, whica
made it difficuly at times to read pressure gauges accurately and which

would not be readily tolerated in actual hydrgulic control systems.

COMPOUND VORTEX AMPLIFIER

The goals of the present investigation relate to the development of
a practical hydravlic vortex device with pressurc amplification for
application to hydraulic servovilves without mechanical moving parts
(such as sleeves, spcols or poppets) and impervious to fluid contamina-
tion and lack of fluid lubricating qualities. This would imply that any
working fluid may be employed in a hydraulic control system as against
8 specially developed o0il which is carefully manufactured and maintained.

From the control viewpoint the important parameter is the overall |
output/input ratio which is defined as the gain (of pressure, flow or
fluid power). Here no consideration is taken of the fluid power expended
from a steady-state supply source to operate this control device; power
officiency is secondary in the sstisfactory operaticn of a control loop.

As a first approach to the problem it was conceived to use the
present vortex control valve (as given by Blatter6 and as tested and
presented above) s a paeer stage of a compound asplifier and to develop

-13-
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a suitably matched pilot stage for it; the feasibility and the prelim-
inary development of such a cospound vortex amplirier is the objective
of the present invcstigation.

After the above investigation of the power-stage, the pilot-stage
requiremenis have hecome apparent; the function of the pilot-stage is
to provide a moderate modulation of a high-pressure flow source by means
of a weak control input in the vicinity of zero pressure. At full con-
trol (i.e. zero output) the pilot-stage must deliver at least 189 cnsls
(3 GPM) at about 82S N/cnz; at :ero control (i.e. full output) the pilot
stage must deliver less than 30 cnsls {0.5 GPM) at about &20 N/cnz.

The control input curve of the power-stage (Qc vs Pc as shown in
Figure 6) becomes the load curve for the pilot stage; it can be approx-
imated by the parabolic lcad line (as shown dashed in Figure 6)

(Q, - 25) = 0.003(P_ - 560)2

Furthermore this high pressure modulation must be achieved by the lowest
possible input pressure range.

Several ampiifier configurations may possibly be used for the pilot-
stage; the impa:ct-modulator (jet-against-jet) and the confined-jet devices
were considered and rejected because of poor flow recovery. A brief
theoretical analysis indicated the vortex-shear modulator as the best
candidate for the pilot-stage application. This type of modulator has
been disclosed and discusscd by B. A. Otsaplz (1964 for low-pressure
preumatic application (approximately SO Nlcnz) in regard only to blocked-
load output pressures. No pneumatic flow data have been supplied by the
suthor nor any information on high-pressure (700-2000 N/c.z) hydrauiic
operation.

A saall stainless-steel vortex-shear modulator was designed, built
and tested at hydraulic supply pressures over 700 Nlca2 (1000 psi) to
evaluate its performance fo. the present application. Figure 8 presents
the results obtained, after somé experimentation with the control-port
dismetcr, at 860 N/cn2 (1250 psi) hydraulic supply pressure; the ovtput
pressure P is plotted against the outout flow Q° for constant values of

-18-
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the control pressure PC, 1.e. 0, 18, 38, 59, 90 and 104 N/cuz. it is
seen that an input incremcnt from G to 104 N/cnz reduces the blocked-
load pressure output from 850 to 6S0 N/cnz. The load line shown in
Figurc 8 has becn scaled down arbitrarily from Figure 6 for best fit
to the model vortex-shear performance; it is se>n that two parameters
are available for matching the pilot-stage to the given power-stage,
i.e. the size of the vortex-shear modulator and its supply pressure.

The size of the vortex-shear modulator wius suitably increascd and
the final gecaetry of the pilot-stage is given in Figure 9 with all
cr:tical dimensions. Its performance is given in Figure 10 at constant
inyut pressure of 0.48, 69, 86, i03 and 12} N/ca and at 9565 N/c-
(1400 psi) hydraulic supply pressure. It was found necessary, from
tests of the compound vortex amplifier to use a higher supply pressure
to the pilot-stage in order to obtain stable operation. The load curve
shown in Figure 10 is the input curve P vs Q from Figure 6; the
intersection points A and B represent th& e:tre‘es of zero overall output
Pl and full overall output PR respectively. Figure 10 thus yields the
graphical demonstration of a satisfactory msatch between pilot-stage and
power-stage.

A schematic of trne compound vortex amplifier 1s given in Figure 11
with the flow and pressure nomenclature; it is to ba noticed that the

Qt to the

output P _, Qo of the pilot-stage is the same as the input P
° ‘1 %)

power stage.

After the individual tests of the pilot-stage and of the power-stage,
the components were assembled on the bench and tested togeother at hydraulic'
supply pressures P = 690 V/clz (1000 psi) (power-stage) and P, = 965
N/cnz {1400 psi) (p}lot -stage). 2

-17-
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Figure 12 presents the performance of the compound vortex valve
at wide-open load; the gain factor has been doubled as against Figure
S, from 14.) to 28.4 tls/s/N/cmz), but the linear rangc has decreased,
now teing limited from SO0 to 700 cnsls. Alsé thete .5 a deadband of
5 N/cn2 for the control pressure Pcz. The main featurc is, of couvse,
that the control pressure renge is from C to 75 N/cm2 as against 663
to 815 of Figure 5.

Figurc‘IS presents the performance of the compound vortax valve
at blocked-load; the gain ¥actor ha: been increased to 7.4 N/cnzjﬂlcnz
and the linear range has been increased, now extending from 75 to 600
N/c.z or 85% of the total output. A}so the deadband has been greatl,
reduced, from 45 (Figure 4) to 10 N/cnz. The control pressure ru 4e
is somewhat larger than at wide-open load, from G to 10§ N/cnz. -

In adldition to the blocked-load and the wide-open load performance,
it is quite important to esteblish tire output at intesrmediate load, i.c.
to determine the opcrational range of the compound vortex amplifier.

Figure 14 presents the output pressurc PR against the control
pressure Pcz, for several const nt-load lines, from blecked te wide-
opren. The amplifier can operate anyw! *re in the dotied area; the control
boundary, shown by a dashed line, represents the on<czt of saturation
when a control increment produces no corres~on’i-g vatpat incremert.

This boundary, separating the contro! &, .. ..»m the saturation
area, is sensitive tg the load sinc: it is only 38 N/cnz #t zero load
(extrapolated) and iﬁcreases to 110 N/cn2 at fr1i {plocked) load. It
would be much more desirable if the control was independent cf the load.

Constant output pressure PR can be maintained against changing
aoad with very small control pressuie increments. For instance, PR s
390 N/cuz can be maintained from blocked-load to the maximum allowable

with 2 control pressure increment from 51 to 74 N/cn2 or only 23 N/cnz.
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Simflariy Figure 15 presents the cutput flow QR plotted against
the control pressurc Pc2 for several intermediate loads betwcen blocked
and widc-open. The operational range of the compound vortex amplifier
is saown dotted.

Constart flow Q. can be maintained against changing load by small
control pressure increments; for instance a flow of 600 cnsls can be
maintained from wide-open load to the maximum allowable load with a
control pressure nhcrement from 29 s/c-2 to 70 H/cn2 or omiy 41 N/c-z.

Finally the complete output map PR vs Qh is shown in Figure 16,
both with lines of constant control pressurc Pcz = 100, 80, 60, 50,
40, 30 and 20 N/cn2 and witl: lines of constant load, from blocked to
wide-open. This output map is to be compared with that of Figure ~
for the vortex valve alone. It is seen that the compound vortex ampli-
fier has a usable output performance and that it can be matched to any
load line in @ stable manner as a function of control pressure.

To conclude the compari :on between thc compound vortex amplifier
and the power-stage (vortex valve described by Blatter6), Figure 17
shows the blocked-load pressurc output ’R plotted against the comtrol
pressure Pcz and Figurc 18 shows the wids-open load flow output Qh
plottdd against the comtrol pressure Pcz. The compound vortex ampli-
fier has the characteristics of a usable control component while the

vortex valve (power-stage) would find very limited application.

CONCLUS IONS

The present approach hes beem successful in achieving ¢ hydraulic
vortex amplifier with both pressure gain and flow gain from input to
outpu: and with acceptable linearity and deadband. A higher gain is
desirable and research is continuing to this effect.
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